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Au electrodeposition on C(0001) from aqueous solutions with different concentrations of AuCl;*HCI, at a
constant ionic mass transport rate (j.), in the temperature range 275 < T < 313 K, results in the initial
formation of nanometer-sized Au islands consisting of a central core and symmetrically distributed branches
with the island fractal dimension Dy = 1.6. For all values of 7, the time dependence of the Au island radius
fulfills a » o # relationship with n = 0.25 £ 0.05. At constant 7, the density of Au islands (V;) increases
according to Ny o« j1* with X = 0.69 4 0.03. At constant ji, the value of Ny decreases as T is increased,
following an Arrhenius-type relationship. Kinetic data are consistent with a growth mechanism involving
surface diffusion of Au adatoms from the island core towards branch tips. From the dependence of N on T
at constant ji, the activation energy for Au adatom surface diffusion results in £,* &~ 11 Kcal/mol. This
figure is slightly smaller than E,* ~ 14 Kcal/mol that has been reported for Au atom surface diffusion in
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Cl -ion free acid solutions.

1. Introduction

The epitaxial growth of a solid phase on well-defined
crystalline foreign substrate occurring far from equilibrium is
a complex process in which different steps can be distinguished,
namely, the initial formation of nuclei, nucleus growth forming
two-dimensional (2D) or three-dimensional (3D) crystals, and
finally, the overlapping of these crystals covering the substrate.!
The first and second steps lead to a surface consisting of patches
of the substrate and islands of the new solid phase. Under certain
experimental conditions, islands can be described as strongly
disordered fractal patterns.? The characteristics of these patterns
are determined by the kinetics and mechanism of the growth
process as can be concluded by comparing them to those
resulting from different growth models.

The initial stages of island growth have been described by
different growth models, in particular, the deposition, diffusion,
and aggregation (DDA) model.! For the DDA model, particles
deposited on the substrate are incorporated into island edges,
and those deposited on islands diffuse downward to be
incorporated into island edges. Patterns resulting from this model
consist of 2D islands, their shape resembling closely that
expected from either diffusion-limited aggregation (DLA),? or
dendrite-like,* or dense radial aggregation models,' depending
on subtle differences in the surface diffusion characteristics of
arriving particles. The DDA model, although developed as a
homoepitaxial model, generates growth patterns closely com-
parable to those resulting from heteroepitaxial experimental
systems. This is the case, for instance, of DLA-like quasi-2D
Au islands produced from vapor deposition on Ru(0001) at 298
K,? although Ag and Pt dendritic islands are formed on Pt(111)
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from vapor deposition at 130 K# and 200 K.’ respectively. The
stability of dendrite tips has been attributed to the anisotropic
corner diffusion of depositing adatoms.*> Furthermore, for Cu
vapor-deposited on Ni(100) in the range 250—370 K, the
transition from compact to branched growth has been attributed
to strain relief.°

Transmission electron microscopy and diffraction data’® on
vapor-deposited Au on C(0001) grown far from equilibrium
have shown initially a pseudomorphic growth that has been
followed by the development of epitaxially grown branched
islands. In this case, it has been observed that the increase in
substrate temperature tends to change the growth mode from
branching into compact islands. This change in morphology has
been related to the enhancement of edge adatom diffusion.!#
The equilibrium shape of Au crystals on C(0001) has only been
observed after annealing for 70 h at 1273 K.’ turning the use
of classical thermodynamic growth models!® for this system
inapplicable. Recently, it has been found that, under certain
experimental conditions, Au electrodeposition on C(0001) from
acid aqueous electrolyte solutions at 298 K!! initially produces
three-dimensional (3D) Au(111) islands followed by quasi-2D
dendritic branching. In our knowledge this was the first evidence
of quasi-2D nanometer-sized dendritic island formation by
electrochemical deposition. In this case, the electrodeposition
process is under mass transport control and it occurs in a
potential (£) window that is located negatively with respect to
the potential of zero charge (£p,.) of Au(111) in the solution.
The origin of the dendritic growth mode has been related to
the existence of step edge energy barriers and anisotropic corner
diffusion of Au adatoms.*?

This work focuses on the kinetics and mechanism of Au
dendritic growth on C(0001) by electrodeposition, in the range
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275 = T = 313 K. Kinetic data allow us to conclude that Au
surface atom diffusion plays a key role as rate-determining step
in Au dendritic growth. The activation energy for Au adatom
surface diffusion (E,*) on Au resulting from the flux and
temperature dependences of Au island density is £,* &~ 11 Kcal/
mol. The existence of anisotropic energy barriers at step edges
and anisotropic corner diffusion can explain the change in the
Au island shape from quasi-2D compact to dendritic.

2. Experimental Section

The electrodeposition of Au was made in the range 275 < T
< 313 K on a freshly exfoliated C(0001) working electrode
(0.5 cm?) using a conventional glass-made electrochemical cell
provided with a Pt polycrystalline counter electrode, and a
saturated calomel electrode (SCE) as reference. The value of
the reference electrode potential at each 7' was calculated using
the following equation:'?

E=02412 — 6.61 x 10~* (T — 298) —
1.75 x 107°(T — 298)* (1)

Potentials in the text are referred to the SCE scale at 7 = 298
K.

The composition of aqueous working solutions was ¢ AuCls-
HCl+ 0.5 M NaClOs + 1 x 1072M HCIO4 + 0.92 x 1072 M
NaCl, with ¢ varied in the range 5 x 10° M < ¢ < 5 x 107
M. These solutions were prepared from analytical reagent-grade
chemicals and MilliQ*-Millipore water, and deaerated by
bubbling purified Ar prior to Au electrodeposition. The forma-
tion of Au islands was investigated by combining electrochemi-
cal techniques and ex situ scanning tunneling microscopy
(STM).

Cathodic polarization curves covering the range 0.9 > £ >
—0.1 V were made with a PAR instrument consisting of EQ&G
173,175, 178, and 179 units, at the potential scan rate v = 1 x
1073 V/s to approach free convection electrodeposition under
quasi-steady-state conditions. These curves provided information
about the kinetics of Au electrodeposition on C(0001), and
allowed us to select the most convenient potential range to
produce Au dendritic islands. In the range of ¢ and T used in
this work, runs were made at constant current density in the
range 40 < ji < 140 uA/cm?, and electrodeposition charge
density (g) in the range 0.6 < ¢ < 25 mC/cm?. Both ji and ¢
are referred to the initial substrate surface area.

For ex situ STM imaging, the working electrode was removed
from the electrochemical cell, rinsed by successive immersions
in water, and finally, dried under Ar at room temperature.
Immediately afterwards STM images were obtained using
Nanoscope II E STM (Digital Instruments, Santa Barbara, CA)
with Pt—Ir nanotips operating in air. This operation mode was
feasible because of the stability of the electrode surface in air.
Images were taken at 0.5 nA tunneling current, 0.2 V bias
voltage, and scan rates usually in the order of 0.5 Hz for images
10 x 10 um? in size. For these conditions, either damage to or
removal from the substrate of Au crystals by the tip could be
prevented.

Au electrodeposits remained unaltered after STM imaging,
as was concluded for each electrode by the coincidence of the
values of ¢ determined from Au anodic stripping voltammetry
before and after STM imaging.

3. Results

3.1. Cathodic Polarization Curves. The current density ()
vs potential (E) plots for Au electrodeposition on C(0001), run
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Figure 1. Current/potential curves for gold electrodeposition from
aqueous 5 x 107* M AuCl;+HCI + 0.5 M NaClO4 + 0.01M HCIO4 on
C(0001) made at 0.001 V/s and different temperatures. A clear cathodic
current plateau for £ < 0.4 V can be observed.

at v = 0.001 V/s starting from £ = 0.9 V in the negative
direction (Figure 1), exhibit a net cathodic current for £ < 0.72
V in the range 275 < T < 313 K. The initial cathodic current
is related to the nucleation of Au on defective sites of C(0001)
according to the following reaction:!!

C(0001) + mAuCl,” + 3me™ =
C(0001){Au},, +4mCl™ (2a)

where {Au},, stands for a Au nucleus consisting of m atoms on
the C(0001) surface. Later, nuclei further grow by incorporating
Au atoms discharged either on the substrate or directly on the
Au island surface according to

C(0001){Au}, + AuCl,” +3e” =
C(0001){Au}, ., +4CI~ (2b)

The standard potential of reaction 2b in the working solution is
E° =10.757 V, and its isothermal temperature coefficient, d£°/
dT = —0.63 x 1073 V/K.13 In all cases, the cathodic current
attains a limiting value (j.) covering a relatively wide potential
range.

For T < 313 K, the cathodic limiting current is preceded by
a current hump typical of a mass-transport-controlled electro-
chemical reaction. The initial slope of the j vs E curve increases
and the potential of the current hump shifts positively as 7 is
increased.

The dependence of j, on the AuCls~ concentration c fits the
equation for a mass-transport-controlled electrochemical pro-
cess,!*

ji = zFDcKo) 3)

z = 3 being the number of electrons per reactant ion in either
reaction 2a or 2b, F' the Faraday constant, (0) the average
stationary diffusion layer thickness under free convection, and
D; the diffusion coefficient of the reactant species (AuCls™) in
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Figure 2. (a) and (b): Ex situ STM images (2 x 2 um?, topographic mode) of gold islands on C(0001) produced from aqueous 5 x 107* M
AuCl3*HCI + 0.5 M NaClOy4 + 0.01 M HCIO;4 under constant flux, ¢ = 6 mC/cm?, T = 275 K, and T'= 298 K, respectively. (c) and (d): Longitudinal
cross sections from STM images for dendrites produced at 7 = 275 and 298 K, respectively. (e, bottom) A scheme (cross section) of the core
(one-half) and dendrite branch of an island including geometric parameters used in the text.

the solution. According to eq 3, the value of ji could be
adequately adjusted by changing c.

The temperature dependence of ji fits an Arrhenius plot, i.e.,
the In ji. vs 1/T plot results in a straight line. From the slope of
this line, the experimental activation energy for the overall
electrochemical process results in £*¥ = 3.8 £ 0.2 Kcal/mol.
This figure is equal to Ep*, the activation energy for the reactant
diffusion in the solution.'*

3.2. STM Imaging. Ex situ STM images of electrode surface
domains resulting from ¢ = 5 x 107# M and ¢ = 6 mC/cm? at
275 K (jL = 0.04 mA/cm?) (Figure 2a) and T = 298 K (jL =
0.06 mA/cm?) (Figure 2b) show fractional coverage of the
C(0001) substrate by randomly distributed Au islands of a rather
uniform size and shape. Each island consists of a large number
of tiny Au crystals with a high rounded central core and branches
without tip splitting as expected for dendrites, emerging at 120°
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Figure 3. (a—c): Ex situ STM images (5 x 5 um?, topographic mode) of gold aggregates on C(0001) for ¢ = 6 mC/cm?, at different values of
cand T. (@) c =5 x 10°M, T=298 K. (b)c =5 x 107*M, T=275K, (¢)c =5 x 107* M, T = 298 K. (d) Log N; vs log ji. plot for g =
6 mC/cm?. The slope of the straight line is 0.69 + 0.03. (¢) N; vs T plot from runs involving ¢ = 6 mC/cm?.

angles. These patterns are consistent with the formation of Au-
(111) islands as reported elsewhere.!" The longitudinal cross
section of a single branch (Figure 2c,d) reveals a sequence of
terraces decreasing in height from the core border toward the
branch tip by one or two-atom high steps.

A cross section of a typical Au island along the direction of
one branch (Figure 2¢) can be described in terms of the length
of the largest branch (/), the branch width (w), the branch slope
(¢), and the maximum island height at the core (hv) (Figure
2¢). The value of / is measured from the radius of the core (R),
and ¢ is defined as the average angle formed by the substrate
plane and the branch surface plane measured from the tip. At

constant £ and ¢, all these parameters depend on 7. Thus, for
¢=5x10*M and ¢ = 6 mC/cm?, as T is increased from
275 to 313 K, ({/)), the average value of / increases, in contrast
to {¢), the average value of ¢ (Figure 2¢,d). The small values
of (¢), and the fact that () > (/) indicate that for dendrite
growth d{/)/d¢r > d{l\)/dz. Otherwise, for a given ¢, the ratio
(D)/{w) becomes almost constant, irrespective of 7.

Branched islands have also been observed for vapor-deposited
Au on C(0001).7® However, in this case, the island surface is
essentially smooth with (¢) ~ 0.1 The difference between
the island surface of these deposits and that of electrodeposited
Au islands on C(0001) can be explained by a different growth
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Figure 4. (a) Plots of (r) vs t for 7= 284 K and T = 298 K. (b) Plots of {A) vs ¢ obtained from gold dendritic branches produced at 7 = 284 K
and 7 = 298 K. (c) Plot of (h)/{r) vs T resulting from runs involving ¢ = 6 mC/cm?.

kinetics. Thus, the kinetics of vapor-deposited Au islands on
C(0001) is determined by a surface reaction, whereas the
electrodeposition of Au islands on the same substrate is governed
by ionic mass transport from the solution side. In this case,
growth normal to the substrate is enhanced at protrusions (island
cores) leading to a nonzero slope between the central core and
the branch tip.!

3.3. Density of Au Islands. The density of Au crystals (Vs)
on C(0001) depends on both ji and T (Figure 3a—c). Thus, at
T = 298 K, N; increases with ji according to Ny o< ji¥ with X

= 0.69 £ 0.03 (Figure 3d). On the other hand, for ¢ = 5 x
1074 M and ¢ = 6 mC/cm?, N; decreases exponentially with T
(Figure 3e).

3.4. Size Evolution of Au Islands. Results from experiments
run at different 7and ¢ = 5 x 107* M show that the average
maximum radius ((r)) enclosing each Au crystal obeys the
kinetic law () =< ¢* with n = 0.25 £ 0.05 (Figure 4a). This
relationship is consistent with a growth process in which the
surface diffusion of attaching particles plays a dominant role
in the growth process.'®
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On the other hand, the average maximum value of island
heights obeys a (/) o # relationship with a 7-dependent value
of p (Figure 4b), as p changes from 0.25 & 0.05, for 7 = 303
K, to 0.50 £ 0.05 for 7= 275 K (Figure 4b). The increase in
p on decreasing T suggests a decrease in the diffusion length
of those Au atoms directly discharged on the Au island surface.
Accordingly, the {r)/{/n\y) ratio decreases as T is decreased from
313 to 275 K, assisting the formation of a rough pattern (Figure
4c).

3.5. Geometry of Au Islands. For all values of 7 and ¢ <
0.6 mC/cm?, Au islands can be described as compact quasi-
spherical objects obeying a euclidean geometry. Conversely,
for ¢ > 0.6 mC/cm?, branched islands with a fractal geometry
are formed. These islands can be analyzed as 2D objects to
evaluate their fractal dimension using the perimeter—area (P—
A) method.'® For this purpose, cross sections of each Au island
parallel to the substrate plane at a given height (/) measured
from the substrate surface are obtained from STM images. After
repeating this procedure for a number of 4 values, a collection
of 2D Au islands is obtained. The P vs A relationship fulfills
the following proportionality:!”

log P o< (Dy2) log A ®)

where Dr is the dimension of the object. From the P—A4 method,
when /i, — 0, all branches are included in the 2D island resulting
in D= 1.6 £ 0.1. Conversely, when /&, — hy, only the compact
core of the island is analyzed and Dy — 1, i.e., islands approach
a euclidean behavior.

4. Discussion

4.1. Possible Contributions to the Electrochemical Growth
of Au Islands on C(0001). The initial electrochemical growth
of Au islands on C(0001) involves the transport of reactants
from the solution to the C(0001) surface, their discharge at
C(0001) defective sites!! to form nuclei (reaction 2a), and
nucleus growth producing randomly distributed islands (reaction
2b). In this growth process two stages, one for ¢ < 0.6 mC/
cm? and the other one for ¢ > 0.6 mC/cm?, can be distinguished.
The first stage leads to compact Au islands, whereas the second
results in branched Au(111) islands with Dy = 1.6.

Assuming that the discharge of Au ions on C(0001) is less
efficient than that on Au,!! branching will occur mainly by Au
adatoms spilling over from the core region of each island to
dendrite tips. This process should involve the diffusion of Au
adatoms on smooth Au(111) terraces and from terrace to terrace
across monoatomic steps (Figure 5a). It should be remembered
that surface diffusion of adatoms on single crystal (111) faces
is asymmetric leading to dendrite formation, owing to the
existence of two different types of steps.*~¢ The terrace-to-
terrace atom diffusion assists further branch growth and second-
ary branching.!!

According to the above description, surface diffusion of Au
adatoms on Au in the absence of energy barriers at step edges
would produce perfect 2D smooth islands growing in the
direction parallel to the C(0001) plane, whereas the existence
of asymmetric energy barriers for terrace-to-terrace surface atom
diffusion would produce dendrites and control the rate of island
growth in the vertical direction. In this case, the values of Dr
and (l)/{w) ratio, and the () o ¢'* relationship, are T-
independent, providing a sound indication that the mechanism
of Au island branching on C(0001) remains the same over the
range of T covered in this work.
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Figure 5. (a) Typical STM longitudinal profile of a gold dendritic
branch electrodeposited on C(0001) from aqueous 5 x 1074 M AuCls*
HCI + 0.5 M NaClO4 + 0.01M HCIO4 under constant flux, ¢ = 6
mC/cm? and T = 298 K. The arrow indicates the dendrite tip. (b)
Scheme of a single atom high step resulting from a. The different
activation energy barriers to surface diffusion of gold atoms are
indicated.

4.2. Driving Force and Possible Energy Barriers for Au
Adatom Surface Diffusion. The rate of displacement of Au
adatoms from the core to branch tips is determined by different
energy barriers to adatom surface diffusion (Figure 5b). These
barriers impose a constraint to the terrace-to-terrace Au adatom
surface diffusion.!®

Considering the topography of Au islands, the accumulation
of Au atoms at the cores, is favored by the smaller local value
of 0 at protrusions for the ionic mass-transport-controlled
electrochemical reaction.!! Therefore, during Au electrodepo-
sition the surface concentration of Au adatoms (caq) gradually
changes from a maximum value at core regions to a practically
null value at branch tips, so that the chemical potential gradient
between the core region and branch becomes the driving force
for surface diffusion. This fact implies that (Acag)m, the
maximum concentration difference of Au adatoms, becomes
constant as its average value at the core surface ({(cag)m)) is
proportional to the constant flux of electrodepositing particles
(), and {c,a) = O at the branch tip. In fact, considering that
the branch surface consists of a series of terraces of length /1,
decreasing in height from the central core towards the tip (Figure
2e), the overall driving force for Au adatom surface diffusion
(Auag/Al) can be expressed as

Y /ol — (Apf AD) (6)
i=1

where uaq and I, denote the chemical potential of Au adatoms
and the length of the ith terrace (i = 1, 2, ..., n), respectively.
Taking into account that

(Au,/Al) o< Aln ¢, /Al (7

and
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(Ac, /At < ji (®)
Then, it follows that,
Jr o< vy o< (Acyg)/Al )

According to relationship 9 vy, the growth rate of the tip front
in the branch direction, is proportional to the Au adatom
concentration gradient in the same direction.

4.3. Kinetics of Dendritic Branching. Let us consider the
growth of 2D circular Au islands under constant flux involving
terrace-to-terrace adatom surface diffusion. Taking into account
that the island radius (r), i.e. the characteristic length of the
system, is given by the proportionality,!

o< DJj, (10)

D being the surface diffusion coefficient of Au atoms on Au.
The area (4;) of the circular island fits the proportionality
;o< 1 o< (DYjp)"* (11)

and for intermediate and high substrate coverage (Figure 3),
the island density becomes

N, o< 1/ o< (D Jj,)~"? (12)
Expression 12 can be written as
Ns/(].L)l/z o (DS)—I/Z (13)
Otherwise, the temperature dependence of Dy is given by!'®
Dyoc e BRT (14)
Then, from eqs 13 and 14 the following proportionality holds
Ns/(jL)l/z oc oEa"2RT (15)

leading to a linear In N/(jp)"? vs T~! plot with the slope = E,*/
2.

The same analysis can be extended to dendritic islands (D¢
= 1.6) resulting from terrace-to-terrace adatom surface diffusion
towards branch tips involving the simultaneous shift of step
edges and branch tips. In this case,

NS/UL)0A63 o e0A63Eu*/RT (16)

Then, at constant T, expression 16 predicts a linear N vs (j.)%
dependence that is very close to that resulting from experimental
data (Figure 6). Therefore, from the slope of the In (Ny/ji¥) vs
1/T plot (Figure 6) the value E,* ~ 11 Kcal mol™! is obtained.
This figure is smaller than E,* ~ 14 Kcal mol™!, which has
been reported for Au atom surface diffusion in Cl™-ion-free acid
solutions.!® This difference, however, can be understood since
the presence of Cl~ ions in the solution increases the surface
mobility of Au adatoms. It is known that the adsorption of C1~
ions decreases the Au—Au bond energy.?0?!

5. Conclusions

(i) The ex situ STM topography of Au islands electrodepos-
ited on C(0001) at constant flux under ionic mass transport
control, in the range 275 < T < 313 K, exhibits only a compact
quasi spherical core for ¢ < 0.6 mC/cm?, and a core decorated
with symmetrically distributed dendritic branching for g > 0.6
mC/cm?. Dendritic islands behave as fractals with the dimension
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Figure 6. In (NJ/jL*) vs T! plot. Data resulting from runs involving

¢ = 6 mC/cm?. The slope of the straight line leads to E,* ~ 11 Kcal/
mol.

Dy = 1.6. (ii) The rate of displacement of branch tips measured
from STM imaging data can be explained by a Au adatom
surface diffusion mechanism. (iii) The driving force for the
directional Au adatom surface diffusion is the quasi-steady
chemical potential gradient established longitudinally along each
branch from the island core to branch tip. (iv) From the
temperature and flux dependences of island density, the energy
barrier to Au-adatom surface diffusion results in £,* ~ 11 Kcal/
mol.
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Glossary

A area resulting from the “islands and lakes”procedure used
to determine Dy

A; area of circular island

ad adatom

c molar concentration of discharging ions

Cad molar concentration of adatoms

{Caa) average molar concentration of adatoms

(Cad)Mm maximum molar concentration of adatoms

D¢ fractal dimension

DDA deposition, diffusion and aggregation

DLA diffusion limited aggregation

D; diffusion coefficient of ions in the solution

Dy surface diffusion coefficient of adatoms

E electrode potential

E° standard electrode potential

Epe potential of zero charge

E* experimental activation energy for transport of ions in the
solution derived from electrochemical data

Ep* activation energy for the diffusion of reactive species in
the solution

E* activation energy for adatom surface diffusion

F Faraday constant

F flux of depositing particles

HOPG highly oriented pyrolitic graphite
v maximum height at the island core
() average maximum height at the island core
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he height of planes parallel to the substrate plane used in the
P-A method to evaluate the fractal dimension

J apparent cathodic current density referred to the C(0001)
surface area

JL apparent cathodic limiting current density

k Boltzmann constant

/ length of the largest dendrite branch

o average length of the largest dendrite branches

I1i length of the ith terrace

m number of atoms in a Au nucleus

Ns island density

n exponent in the () o< " relationship

n number of terraces forming a dendritic branch

P perimeter resulting from the “islands and lakes”procedure

used to determine Dy

p exponent at the (Au) o« # relationship

q apparent charge density related to gold electrodeposition

R island core radius

R universal gas constant

r maximum radius enclosing island

(r) average maximum radius enclosing island

SCE saturated calomel electrode

STM scanning tunneling microscopy

T temperature

t time

U potential energy

v electric potential scanning rate

Uy displacement rate of the dendrite tip

w width of a dendrite branch

X exponent in the N & j ¥ relationship

X cartesian coordinate

z cartesian coordinate

z number of electrons per discharging ion

{0) average Nernst diffusion layer thickness

¢ angle formed by the substrate plane and the upper dendrite
plane

{p) average angle formed by the substrate plane and the upper

dendrite plane
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Uad chemical potential of adatoms
2D two dimensional
3D three dimensional
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